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Dorsal premammillary nucleus and cat
exposureThe dorsal premammillary nucleus (PMd) is a hypothalamic structure that plays a pivotal role in the
processing of predatory threats. Lesions of this nucleus virtually eliminate the expression of defensive
responses to predator exposure. However, little is known about the neurotransmitters responsible for these
behavioral responses. Since PMd neurons express ionotropic glutamate receptors and exposure to predators
have been shown to activate nitric oxide (NO) producing cells in this region, the aim of this studywas to verify
the involvement of glutamate and NO-mediated neurotransmission in defensive reactions modulated by the
PMd. We tested in maleWistar rats the hypothesis that intra-PMd injection of the NMDA receptor antagonist,
AP7, or the NO synthase inhibitor, N-propyl-L-arginine (NP), would attenuate behavioral responses induced
by cat exposure. Our results showed that both AP7 and NP signiﬁcantly attenuated the behavioral responses
induced by the live cat. These results suggest that the NMDA/NO pathway plays an important role in the
behavioral responses mediated by the PMd.logia, Universidade Federal de
01, Belo Horizonte, MG, Brazil.
).
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The ability to evaluate threats and coordinate behavioral responses
in dangerous situations in order to avoid injury to the organism is one
of the most important functions of the central nervous system (CNS,
[1]). Such defensive behaviors range from ﬁght/ﬂight reactions in
response to predators to more subtle responses such as risk
assessment against potential dangers [2,3].
Since these behaviors are innate and easily evoked in the
laboratory, they have been extensively used to investigate the neural
substratemediating emotional responses to threatening stimuli [4–6].
In line with this, predator exposure is a useful model for eliciting
defensive reactions in laboratory rodents [3]. Experiments employing
Fos protein as a marker of neural activation have unveiled a network
of interconnected brain regions comprising the medial amygdala,
medial hypothalamic structures and the periaqueductal gray (PAG)
that are activated by predator exposure [7–9].
In the hypothalamus the so-called medial hypothalamic defensive
circuit, constituted by the anterior hypothalamic nucleus (AHN), the
dorsomedial part of ventromedial hypothalamic nucleus (dmVHM)
and the dorsal premammillary nucleus (PMd) have been proposed to
play a key role in processing predator-associated cues [10]. Amongthese structures the PMd appears to be particularly responsive to
threatening stimuli [8,11–13], and lesions of this nucleus induce
signiﬁcant reductions in anti-predator defensive responses [11,14].
Despite this, the neurotransmitters responsible for the behavioral
responses mediated by the PMd are still poorly understood. Several
studies have suggested that defensive responses are modulated by
glutamate andnitric oxide (NO, [8,15–17]). NO is synthesized in theCNS
by the neuronal nitric oxide synthase (nNOS) enzyme [18]. This enzyme
is activated by calcium inﬂux trough glutamate N-methyl-D-aspartate
receptors (NMDAr), indicating a close relationship between NO and
glutamate-mediated neurotransmission [18].
Ionotropic receptors of glutamate and nNOS neurons are located in
several regions related to defensive behaviors, including the PMd
[19,20]. In line with this, previous studies have suggested that
predator exposure increases nitrergic transmission in this nucleus
[7,8]. Moreover, blockade of NMDA-mediated neurotransmission in
the PMd drastically reduces unconditioned defensive responses to cat
odor [21].
Although these results suggest that glutamate andNOcould play an
important role in aversive behaviors that involve the PMd, the effects
of local PMd blockade of NMDA- or NO-mediated neurotransmission
on behavior responses induced by predator exposure have not yet
been investigated. The aim of the present study, therefore, was to test
the hypothesis that the injection of N-propyl-L-arginine (NP), a
selective nNOS inhibitor, or AP7, a glutamate NMDAr antagonist, into
this region would attenuate defensive responses induced by exposure
to a live predator.
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2.1. Subjects
Subjects were male adult Wistar rats (250–280 g) obtained from the
colony of pathogen-free rats maintained by the Pharmacy School of
RibeirãoPreto,Universityof SaoPaulo. Theanimalswerehoused ingroups
of four with free access to food and water in a temperature-controlled
room (24°C)with a 12 h light/dark cycle. An adultmale cat (3 kg), kept at
the animal farm of our University Campus with free access to food and
water,wasused throughout the study.Adummycat, of approximately the
same size of the live cat, was used as control. The experiments were
carried out according to the Brazilian Society of Neuroscience and
Behavior guidelines for care and use of Laboratory animals and all efforts
were made to minimize animal suffering. The experiment protocol was
approved by the local Ethical Committee (062–2004).2.2. Drugs
2-Amino-7-phosphonoheptanoic acid (AP7; 2 nmol/0.2 μL TOCRIS -
Ellisville, Missouri; USA), a glutamate NMDA-receptor antagonist
and N-propyl-L-arginine (NP; 100 nmol/0.2 μL; TOCRIS - Ellisville,
Missouri; USA), a selective nNOS inhibitor, were used. The drugs were
dissolved in sterile isotonic saline. The doses of AP7 and NPwere based
on the effective doses employed in a previous study from our laboratory
showing anti-aversive effects after administration into the dorsolateral
PAG (dlPAG) in rats confronted with a live cat [7].2.3. Apparatus
The observation box consisted of a rectangular arena (80 cm×
22 cm×50 cm) with Plexiglas walls and a metal grid ﬂoor. The
apparatus was located in a sound-attenuated 40 lx illuminated room.
It was divided into two compartments by a metal grid wall. In the
experimental session each rat was placed in the middle of the
compartment opposite to the one containing the live or dummy cat,
facing this latter compartment. The box was designed to comfortably
contain the cat and to provide space enough for measuring the rat
presence proximal or distal to the cat compartment. The rat
compartment was divided into two equal parts (near and distant to
the cat compartment) by an imaginary line. The rationale is that when
the live cat was not present, the rats have no preference for any part of
the box whereas they escape to the distant part and tend to remain
there when the predator is present [7,22].2.4. Surgery and intra-PMd injection
The rats were anaesthetized with 2.5% 2,2,2-tribromoethanol
(Sigma-Aldrich, St. Louis, MO USA, 10 ml/kg, IP), placed in a
stereotaxic frame (David Kopf, USA) and unilaterally implanted with
a stainless steel guide cannula (14 mm, length) aimed at the PMd
(coordinates: coordinates: AP bregma: −3.9 mm, L: −0.6 mm,
P: −8.2 mm, below the surface of the skull; [23]). The cannula was
attached to the skull with stainless steel screws and acrylic cement. An
obturator inside the guide cannula prevented obstruction.
Seven days after surgery, intra-PMd injections were performed
with a thin dental needle (0.3 mm, o.d.) introduced through the guide
cannula until its tip was 2 mm below the cannula end. A volume of
0.2 μL was injected during 30 s using an infusion pump (KdScientiﬁc,
USA). The movement of an air bubble inside the PE 10 polyethylene
tubing connecting the pump to the dental needle conﬁrmed drug
ﬂow. The drugs were injected 10 min before the exposure to the
observation box.2.5. Behavioral procedure
2.5.1. Experiment 1
In this experiment the effects of intra-PMd injection of the NMDAr
antagonist AP7 were veriﬁed. The animals were divided into four
experimental groups: (I) saline+exposure the dummy cat (n=6)
(II) AP7+exposure to dummy cat (n=6) (III) saline+exposure the
cat (n=5) (IV) AP7+exposure to the cat(n=5). During 3 days the
animals were daily handled by the experimenter for 5 min and
habituated to the observation box for 10 min. On the fourth day,
10 min after intra-PMd injections of the vehicle or AP7 (2 nmol/
0.2 μL), the animals were placed into the observation box and exposed
to the dummy or to the live cat for 10 min. After each trial the
observation box was carefully cleaned with an alcohol solution. To
prevent eventual cat smell interference, exposure to the live cat always
followed that of the dummy cat.
2.5.2. Experiment 2
In this experiment the effects of intra-PMd injection of the nitric oxide
synthase inhibitor NP were veriﬁed. The procedure was similar to
experiment 1 and the experimental groups were: (I) saline+exposure
the dummy cat (n=4) (II) NP+exposure the dummy cat (n=4)
(III) saline+exposure the cat (n=7) (IV) NP+exposure the cat (n=4).
All sessions were videotaped and later analyzed with the help of
the Ethovision (Version 1.9, Noldus, The Netherlands) software. The
program detected the animal position in the observation box and
calculated the time spent and the distance moved in each compart-
ment (near or distal from the cat). In the presence of the cat the
animals tend to avoid the proximal compartment, for this reason the
results were presented as the time spent and distance moved in this
compartment. Drugs that induced anti-aversive effect increase the
exploration in the proximal compartment [7]. The immobility time
(freezing) was considered as the cessation of the movements except
those associated with breathing. It was analyzed manually by an
observer that was blind to the animal's treatment and expressed as
the total time that animals presented this behavior.
2.6. Histology
After the behavioral tests the animals were sacriﬁced under deep
urethane (Sigma-Aldrich, St. Louis, MO USA, 5 ml/kg, IP) anesthesia
and perfused through the left ventricle of the heart with isotonic
saline followed by 10% formalin solution. After that, a dental needle
was inserted through the guide cannula and 0.2 μL of methylene blue
was injected. The brains were removed and immersed in a 10%
formalin solution, 50 μm sections were obtained in a Cryostat
(Cryocut 1800, Leica, Germany). The injection sites were identiﬁed
in diagrams from the Paxinos and Watson's atlas [23]. A representa-
tive photomicrograph of injection sites can be seen in Fig. 1.
2.7. Analysis
Since the variances between groups were not homogenous the
behavioral data were analyzed by the non-parametric Kruskal-Wallis
test followed by Mann–Whitney U test.
The signiﬁcance level was set at pb0.05. Only animals with
cannula located inside the PMd were considered in the analysis.
3. Results
3.1. Experiment 1
Predator exposure induced a signiﬁcant fear reaction reﬂected by a
reduction in the distance moved in the compartment near the cat
(H3=16.80, Kruskal-Wallis p=0.0008; Fig. 2) and in the time spent in
this compartment (H3=16.55, Kruskal-Wallis p=0.0009; Fig. 2), as
Fig. 1. Representative photomicrography of an injection site into the PMd.
Fig. 3. Effects of AP7 (2 nmol/0.2 μL) injected into the PMd in the immobility time(s)
during exposure to a live cat for 10 min. Data represented the means±S.E.M. of 5–6
animals per group (* pb0.05 compared to toy cat and # pb0.05 compared to live cat,
Kruskal-Wallis followed by Mann-Whitney test).
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a live cat alsodisplayed an increase in freezingbehaviorwhen compared
to those exposed to the dummy cat (H3=17.0924, Kruskal-Wallis
p=0.0007; Fig. 3). AP7 pretreatment reduced the defensive behaviors
induced by cat exposure, increasing the distance moved and time spent
in the compartment near the cat (Mann-Whitney pb0.05 compared
with saline/cat group Fig. 2). Additionally, it signiﬁcantly attenuated
freezing behavior displayed by the animals exposed to predator (Mann-
Whitney pb0.05 compared with saline/cat group; Fig. 3).3.2. Experiment 2
As previously observed in experiment 1 rats exposed to the live cat
displayed a signiﬁcant fear reaction reﬂected by a reduction in theFig. 2. Effects of AP7 (2 nmol/0.2 μL) injected into the PMd in the distancemoved (in cm;
upper panel) and time spent (in s; lower panel) in the compartment near the cat. Data
represented themeans±S.E.M. of 5–6 animals per group (* pb0.05 compared to toy cat
and # pb0.05 compared to live cat, Kruskal-Wallis followed by Mann-Whitney test).distancemoved in the compartment near the cat (H3=14.98; Kruskal-
Wallis p=0.0018; Fig. 4) and in the time spent in this compartment
(H3=13.09; Kruskal-Wallis p=0.0044 Fig. 4), as compared to animals
exposed to the dummy cat. Freezing behavior was also signiﬁcantly
higher in animals exposed to the livewhen compared to those exposed
to the dummy cat (H3=14.9456; Kruskal-Wallis p=0.0019; Fig. 5).
NP treatment signiﬁcantly reduced freezing behavior induced by
predator exposure as compared to saline/cat group (Mann-Whitney,
pb0.05, Fig. 5). However, the distance moved and time spent in the
compartment near were not modiﬁed (Fig. 4).Fig. 4. Effects of NP (100 nmol/0.2 μL) injected into the PMd in the in the distance
moved (in cm; upper panel) and time spent (in s; lower panel) in the compartment
near the cat. Data represented the means±S.E.M. of 4–7 animals per group (* pb0.05
compared to toy cat).
Fig. 5. Effects of NP (100 nmol/0.2 μL) injected into the PMd in the in immobility time (s)
during exposure to a live cat. Data represented the means±S.E.M. of 4–7 animals per
group (* pb0.05 compared to toy cat and # pb0.05 compared to live cat, Kruskal-Wallis
followed by Mann-Whitney test).
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In agreementwith previous data reporting defensive responses after
predator exposure [8,14,22,24,25] animals exposed to the live cat
displayed freezing behavior and avoidance of the area near the predator
compartment. The behaviors elicited in response to cat exposure,
however, have been shown to depend on the exposure context [25]. In
an inescapable test situation similar our experimental condition rats
exposed topredator exhibit cessationof ongoing activity (freeze),which
is characterized as a non-locomotor defensive behavior and has
been extensively used as an index of fear in experimental studies
[7,8,14,16,22].
Microinjections of AP7 into the PMd reduced the defensive
responses induced by the presence of live cat, increasing the distance
moved and time spent in the compartment near the cat and decreasing
freezing behavior. NP was also able to decrease freezing but failed to
change the distance moved and time spent near the cat. Since no drug
effect was found in animals not exposed to the cat it is unlikely that
these effects depend on non-speciﬁc locomotor interference. The
present results, therefore, suggest that in the PMd defensive responses
to predator exposure are under the inﬂuence of local NMDA/NO
pathway. Although they could also indicate that in this brain region
NMDAblockade ismore effective thanNOS inhibition to attenuate these
responses, the single doses used preclude any deﬁnitive conclusion.
Similar attenuation of defensive reactions have been observed
after systemic or i.c.v. administration of NMDA antagonists [8,15,16].
Also, blockade of NMDAr and NO synthesis in the dlPAG induces anti-
aversive effects in rats submitted to this model [7]. Comparable effects
have been reported for mice and guinea pigs [26,27]. Together, these
ﬁndings suggest that central glutamatergic and nitrergic neurotrans-
mission play a critical role in the expression of innate fear responses to
predatory threats in these two regions. In line with this proposal, local
injection of glutamate agonists or NO donors into regions related to
defensive behaviors, such as the dlPAG, induced ﬁght/ﬂight behaviors
similar to those exhibited by animals in the presence of predator
threat [28–30]. These responses were accompanied by increase in c-Fos
levels in several brain regions, including the dmVHM, AHN, inferior
colliculus, dorsal raphe nucleus and dlPAG [31,32], that have been
related to fear and anxiety [12,33,34].
Besides the PAG, the hypothalamus represents an important region
responsible for integrating autonomic and behavioral responses related
to predatory threat. Predator exposure mobilizes the medial hypotha-
lamic defensive circuit, particularly the PMd [10,35], which has been
suggested to function as an ampliﬁer of defensive responses to predators[21,36]. In line with this view, this structure is the most responsive
hypothalamic site during predator exposure [8,21,37]. Moreover, in rats
electrolytic lesions of the PMd reduce the behavioral consequences
promoted by exposure to a cat and its odor but not behaviors related to
other types of threat, such as those elicited by the elevated plus-maze or
electric foot-shock [11]. Conversely, autonomic and somatomotor
responses similar to those observed when the animals are facing threat
were described after electric stimulation or microinjection of GABA
antagonists into the PMd [38,39].
Themajor output from the PMd to brainstem is the dlPAG[40],which
is a crucial structure for the elaboration of active defensive behaviors. In
turn, the dlPAG also provides appreciable projections to this hypotha-
lamic site [40,41], suggesting that both structures are integrated and
coordinate defensive behaviors during innate fear responses. In line
with this, animals that show a reduction of defensive behavior after
pharmacological blockade of dlPAG during exposition to live cat present
greater c-Fos expression in the PMd and lesser defensive responses.
These effects were accompanied by a positive correlation between the
number of activated nitrergic neurons in the PMd and the proximity of
the animals to the cat, suggesting that NO-mediated neurotransmission
could modulate defensive responses to predators in this nucleus [7].
Our results agree with this hypothesis since the injection of a
selective nNOS inhibitor into the PMd attenuated the behavioral
consequences of predator exposure. Considering the close relation-
ship between NO and glutamate in the modulation of defensive
responses (for review [17]), the latter being the ﬁnal mediator of NO-
induced effects in these behaviors [28], we also observed anti-aversive
effects induced by pre-treatment of NMDA antagonist into the PMd. In
agreement, Canteras et al. [21] reported that impairment of NMDA
neurotransmission in the PMd reduced the defensive responses
induced by predator odor. Together, these results suggest that, similar
to the PAG, glutamate could also be the ﬁnal mediator responsible for
the behaviors mediated by the PMd. Further experiments are
necessary to conﬁrm this possibility.
In summary, selective NOS inhibition and NMDA-receptor block-
ade in the PMd induced antiaversive effects in animals exposed to a
live cat, indicating that the NMDA/NO pathway in this nucleus plays
an important role in the modulation of defensive behaviors.
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